Abstract-An efficient method based on the recursive fast Fourier transform (FFT) to incorporate both the intraband and interband conductivity terms of Graphene into the finitedifference time-domain (FDTD) method is proposed. As it only requires numerical values of the conductivity, it not only does not force any restriction of the conductivity models, but also can directly take into account material properties obtained from measurement. It reduces the total computational cost from to . Index Terms-finite-difference time-domain (FDTD), Graphene, recursive fast Fourier transform (FFT).
I. INTRODUCTION
Unique properties of Graphene have attracted much attention in the electromagnetic community. It is modeled by a frequency-dependent conductivity ( ) consisting of two terms, namely the interband and the intraband [1] terms. Modeling a frequency-dependent material, e.g., Graphene, in FDTD involves evaluation of a convolution:
. The intraband conductivity is defined by a Drude-like expression, which can be simply implemented into the FDTD using standard approaches. However, the convolution involving the logarithm approximation of the interband term can't be evaluated efficiently in a recursive manner and the computation cost increases as the time-stepping proceeds (see (2) in [1] ). Several authors have alleviated this problem by approximating the interband term by high-order rational functions [1] . The order of the approximating function can be very high, which consequently increases complexity and cost of the implementation. Furthermore, Graphene has been widely used to produce composites with tailored properties for specific applications for which defining an accurate model can be exceedingly difficult [2] . In these scenarios, measurement might be the primary approach to obtain electromagnetic properties in an accurate manner, which can't be directly implemented into the FDTD code.
II. FORMULATION
Applying the trapezoidal integration rule transforms the evaluation of the convolution integral into calculation of a summation similar to In order to describe the algorithm briefly, we consider evaluation of (1) at the 890 th time-step (n=890). We first break (1) into several summations each of the length :
The first three summations can be efficiently evaluated using FFT. However, we evaluate the last one directly, as it is not efficient to further break a summation shorter than 64 and applying FFT [3] . It should be noted that only one summation has to be calculated (either directly or using FFT) at each timestep because the length of a discrete convolution containing two vectors each containing entries is . For example, once we evaluated the first summation at 512 th time-step, we do not need to re-evaluate it until . Similarly, we do not reevaluate the first three summations in (2) for any value of between 833 and 895. The last two summations will be replaced by one summation from 769 to 768+128 once we reach 896, which should be evaluated by FFT. The total cost of evaluating (1) during the whole simulation containing steps reduces to [3] .
III. NUMERICAL RESULTS
The 2-D numerical example involves calculating reflection and transmission coefficients (normal direction) of a single Graphene layer. The properties of the Graphene layer are T=300K, and (see [1] for models). Both sides of the problem are terminated by a perfectly matched layer (PML). Fig. 1 shows our numerical results, which are in a great agreement with the analytical solutions.
